The development of a high-speed digitizer system to measure time-domain voltage pulses in nanoseconds range is presented in this work. The digitizer design includes a high performance digital signal processor, a high-bandwidth analog-to-digital converter of flash-type, a set of delay lines, and a computer to achieve the time-domain measurements. A program running on the processor applies a time-equivalent sampling technique to acquire the input pulse. The processor communicates with the computer via a serial port RS-232 to receive commands and to transmit data. A control program written in LabVIEW 7.1 starts an acquisition routine in the processor. The program reads data from processor point by point in each occurrence of the signal, and plots each point to recover the time-resolved input pulse after n occurrences. The developed prototype is applied to measure fluorescence pulses from a homemade spectrometer. For this application, the LabVIEW program was improved to control the spectrometer, and to register and plot time-resolved fluorescence pulses produced by a substance. The developed digitizer has 750 MHz of analog input bandwidth, and it is able to resolve 2 ns rise-time pulses with 150 ps of resolution and a temporal error of 2.6 percent.
Introduction
With the advancement of high transmission-rate systems and short laser pulses, many applications now require high time-resolution measurement instruments. The applications of picoseconds timedomain measurements are being increased because of the expansion of digital methods and pulse techniques in many scientific areas. In chemical, physical and biological experiments, picosecond and femtosecond ultra-fast laser systems are becoming increasingly common as diagnosis tools for studying fundamentals physics processes. An automatic process for high timeresolution measurements involves the use of a programmable digital system or digitizer. This could be a stand-alone instrument, or a digital oscilloscope, or a computer combined with a digital signal processor (DSP), for example. Particularly, we are interested in time-resolved fluorescence spectroscopy, where optical pulses of nanosecond order have to be recorded. For this application we designed a low-cost high-speed digitizer.
The fluorescence phenomenon occurs when a specimen is excited with light, which is absorbed by the specimen and then reemitted. The emitted fluorescence contains information about the specimen under study. For time-resolved fluorescence, the excitation is a very short light pulse (ideally an impulse function δ (t)), and the fluorescence response pulses have widths and rise times of nanosecond order. These optical pulses are converted to electrical pulses by means of photodetectors. The spectrofluorometry is related to the measuring of the emission spectra produced by fluorescent specimens, it is the most extensively used optical spectroscopic method in analytical measurements and scientific investigation in the measurement of species concentrations in gases, liquids and solids [1, 5] . The fluorescence spectroscopy is being widely used nowadays for biomedical purposes and clinical analysis, among other many applications. In vivo spectrofluorometry has emerged as a powerful technique for biomedical research covering a broad spectrum, from the study of cellular and tissue structures, to the study of the biological function and early detection of cancer. Biomedical fluorescence spectroscopy is an extremely large and growing field of research [6, 9] .
Fluorescence measurements can be broadly classified into two types: steady-state and timeresolved. Steady-state measurements are those performed with constant illumination and observation. This is the most common type of measurement. The sample is illuminated with a continuous beam of light and the intensity of the emission is usually recorded as wavelength function (fluorescence spectrum). Time-resolved measurements are used for measuring intensity decays. For those measurements, the sample is exposed to a pulse of light, where the pulse width is typically shorter than the decay time of the sample. The intensity decay is recorded with a high speed detection system that permits the intensity to be measured on the nanosecond time scale. Timedependent measurements resolve fluorescence intensity decay in terms of lifetimes, and thus provide additional information about the intra and intermolecular dynamics of the fluorophore (the fluorescent compound of a substance) under study [1, 2, 10] . Figure 1 shows a general structure of a spectrofluorometer to measure steady-state, as well as time-resolved fluorescence. Usually, the sample under study is excited with ultraviolet light pulses, the sample emits fluorescence in all directions, and part of this emission is captured at the monochromator input through 90° geometry. The monochromator output is a light with a single wavelength (λ) component of the input light, coming from the sample. The light pulse from the monochromator output is detected by a photomultiplier tube (PMT) and converted to a current pulse, which is acquired by a high-speed digitizer. A program running on the computer controls the operation of both, the monochromator and the digitizer. The computer sends commands to the digitizer and also reads and plots the measured signals.
In this work we report the design and development of a high-speed digitizer to be applied as acquisition system in time-resolved fluorescence spectroscopy. For this application we use a homemade spectrometer [11] which produces a differential current pulse, up to 40 A with 4 ns full width half maximum (FWHM). This current pulse is applied to the UV LED NSHU033A manufactured from Nichia Co., with emission peak at 365 nm, and a continuous radiation power of 210 mW. The drive module can be externally triggered to generate light pulses from UV LED.
Sampling Techniques
An automatic process for time-domain measurements involves the use of a programmable digital system, thus the continuous time signal pulse to measure has to be converted to a digital format in order to be recognized by the digital system. Although there are a number of different implementations of sampling technology, there are two basic methods: real-time sampling and equivalent-time sampling. Equivalent-time sampling can be divided further, into two sub-categories: random and sequential. Each method has distinct advantages depending on the kind of measurements being made. Real-time methods require only a single occurrence of the signal to acquire an entire waveform, and the digitizer or sampler operates at maximum speed to acquire as many points as possible in one sweep. Equivalenttime methods, on the other hand, require multiple occurrences of the signal to acquire the waveform. Samples are acquired over many repetitions of the signal, with one or more samples taken on each repetition [12, 13] .
The sequential equivalent-time technique acquires one sample per period signal, and includes a trigger signal as Figure 2 shows. When the first trigger is detected, the first sample is taken after a fixed initial time T1. At the next period, a second sample is taken after a very short, but well-defined delay ∆t from the time position of the first sample. When the next trigger occurs, the same time ∆t is added to the previous delay and another sample is taken. This process is repeated many times, and after n periods of the signal, n samples have been taken to recover the waveform of the signal. If the sample point is shifted in sufficiently small steps ∆t, this sampling method provides very high bandwidths and timing resolution needed for timeresolved fluorescence signals, with an extremely high virtual sample rate = 1/∆t. To improve the signal-to-noise ratio the equivalent-time sampling method can be combined with multiple time averaging method. For that purpose, the procedure described above is repeated several times and the obtained waveforms are averaged by the digital system. Averaging of n curves reduces the noise error by a factor of n -1/2 . In the "boxcar" method at each sample point n samples are taken and averaged with the same delay setting. When the averaging for this signal point is complete the delay is increased by ∆t. The resulting noise error is also reduced by n -1/2 [14] .
Digitizer Design
Particularly we are interested in time resolving fluorescence lifetimes on the nanosecond time scale. For these very short times there are two important specifications of the acquisition system behavior to consider: its analog front-end bandwidth (BW) and its equivalent rise time (tr). Bandwidth describes the analog front end's ability to capture an analog signal with minimal amplitude loss, and rise time slowing. Bandwidth is defined as the frequency at which the amplitude of the sampled signal decays 30 percent due to ADC performance. The rise time for a signal is defined as the time to transit from 10 percent to 90 percent of the maximum signal amplitude. Both concepts can be applied in general to signals, to systems, or to components, and they are inversely related by Equation (1), which is based on the one pole model, R-C limited input response.
The bandwidth BW(dig) or rise time tr(dig) of the digitizer analog front end, introduces an amplitude loss and a rise time slowing of the signal to measure. In practice, it is recommended that the bandwidth of the digitizer be 3 to 5 times the signal bandwidth BW(sig) to reduce the amplitude error near 3 percent to 1 percent. The measured rise time can be estimated by using a sum-of-squares technique as Equation (2), where tr(sig) is the rise time of the signal.
In time-resolved fluorescence spectroscopy, the monochromator and photodetector of Figure 1 also contribute to slowing the measured signal. Thus Equation (2) must include the characteristic rise-time terms of each optical device. Figure 3 shows a schematic diagram of the digitizer developed with three main blocks. We choose a high performance digital signal processor (DSP) from Microchip Technology Inc.
(dsPIC33FJ256GP710), as a programmable digital system to perform the equivalent-time sampling technique. The processor operates at 40MHz clock frequency and contains 250 KB of program flash memory and 30KB of data SRAM. This DSP provides a variety of resources; in our application we use 5 output control lines, 12 input lines for data, one timer, and a serial interface.
A program running on the DSP generates a SYNC pulse to synchronize the experiment with the instrument. In our experiment, the SYNC pulse triggers the UV light source, and the fluorescence response pulse from the PMT is acquired by the analog-to-digital converter module. For this module we use an evaluation board of the integrated circuit MAX12528 from Maxim/Dallas, which contains two high-speed 12-bit ADCs with 750 MHz full-power analog input bandwidth. This board includes a passive input stage with an inductive coupling by means of a pulse transformer for both ADCs. This input circuit converts the current pulse generated by the PMT to a differential voltage pulse required at the analog input of the integrated circuit MAX12528. Both converters acquire values continuously on each rising edge of the sampling clock input SCK. The voltage value present at analog inputs (±1.024V input range), during the rising edge of the sampling clock, is acquired and converted to a digital format. The digital output value is available on 12 data lines (DATA) after 8 rising edges of the sampling clock. In this application we use only one converter.
To apply the sequential equivalent-time sampling technique we use three programmable 8-bit delay lines (DS1020-A15 from Maxim/Dallas). These circuits are used to program a delay n∆t of the oscillator signal CK to produce a delayed clock signal CKDL. With the rising edge of this delayed signal, the voltage value present at input AIN is sampled. The delay values of each delay line can be varied over 255 equal n steps of 0.15 ns each one, with a maximum delay of 38.25 ns. The three delays lines connected in cascade allows programming up to a maximum delay of 114.75 ns (n=765). The delay integer n is programmed in series mode with five output lines from the DSP. Figure 4 shows the temporal relation of the signals during the equivalent-time sampling process of three points. A program running on the DSP generates the oscillator signal CK (5 MHz) and a SYNC pulse with programmable repetition rate (we use 40 KHz). The SYNC pulse triggers the experiment, and the response pulse from the experiment always occurs at the same time respect to SYNC. The rising edge of the delayed clock signal CKDL, samples one value of the analog input after each occurrence of SYNC. For n=0 the first input signal value is acquired, the program waits for 8 CKDL pulses, then reads the digitized value DATA of that sample and increments the delay integer n by one. Now the sampling clock is delayed n∆t = 0.15 ns. The program sends the previous digitized value to the computer to be stored and graphed, and generates the next SYNC pulse. The second value is sampled during the next rising edge of CKDL after SYNC, this occurs 0.15 ns after the previous value of input signal, and the program repeats the procedure with the sampled value. When next SYNC occurs, n=2 and an input value is sampled 0.3 ns apart from SYNC.
The process is repeated many times until n = 765 and n∆t = 114.75 ns, which is the time range of the digitizer. The minimum sampling rate specified for the MAX12528 is 5 MHz, thus we use this frequency for the clock signal to have a period of 200 ns, which is longer than time range as required. The digitizer sampling rate is given by ∆t between samples and not by the ADC sampling rate, that is 1/0.15 ns = 6.66 GS/s. Each acquired value is sent to the computer before to acquire the next value. A control program was developed in the graphical language G of LabVIEW 7 to start an acquisition routine in the DSP. The program reads data from processor point by point, and plots the time-resolved input pulse. For noise reduction by averaging, the program can command the DSP to perform a number k of acquisitions with the same delay setting n∆t. 
Results and Discussion
The digitizer developed was successfully tested during time-domain measurements of voltage pulses with known parameters. We use three test pulses generated by the high-speed programmable monostable DS1040Z-A15 from Maxim/Dallas, with FWHM of 5, 10 and 15 ns ±5 percent, and 4 ns rise time. The SYNC pulse in Figure 6 triggers the monostable circuit at a repetition rate of 40 KHz. Figure 5 shows the measured test pulses averaging 10 samples per point. From the data measured, the pulse widths observed are approximately 5.2 ns, 10.1 ns and 15.2 ns. These times are greater than expected because the digitizer introduces a signal slowing, as well as the assembly connections at digitizer input. The maximum deviation is 4 percent (0.2 ns) for 5 ns test pulse considering the nominal value specified.
According to Equation (1) for 750MHz analog input bandwidth, the digitizer characteristic rise time is tr(dig) = 0.466 ns, and the input signal rise time is 4 ns. Thus from Equation (2), the expected rise time to measure is trm = 4.027 ns. From data in Figure 7 the three test pulses have approximately 4.04 ns rise time, which is 0.32 percent greater than expected value, and again this is because the signal slowing introduced by input assembly connections. Figure 6 shows the 10 ns test pulse measured with the digitizer development (continuous line), with a no-attenuated probe and an oscilloscope (dash line), and with an attenuated probe and oscilloscope (short-dash line). For the measurement with the digitizer (averaging 10 samples per point) a well-defined pulse is observed, meanwhile, for the measurements with the oscilloscope and probes, we observe attenuation and distortion of the signal measured. With both probes (attenuated and no-attenuated) the measured pulses have a FWHM near of 9 ns and a slower rise time around 5.6 ns. The attenuated probe causes almost 50 percent of amplitude attenuation of the signal and the pulse is not well-defined. This is because the probe used has a bandwidth of only 100MHz, which is not enough to reproduce the high frequency components of the input pulse. The oscilloscope used is a Tektronix digital oscilloscope, model 2440, with 300 MHz of input bandwidth, or equivalent rise time tr(osc) = 1.66 ns, according to Equation (1) . This produces a slower rise time measured by the oscilloscope as we can appreciate in the dash line trace of Figure 6 .
A quantitative measure of the quality of a digitizer output signal is the signal-to-noise ratio (SNR), which is defined as the ratio of the information signal power to the unwanted noise power. The larger the number, the better it can differentiate the signal from noise. Both signal and noise power must be measured at the same points in a system, and within the same system bandwidth. If the signal and the noise are measured across the same impedance, then the SNR can be obtained by calculating the square of the amplitudes ratio as Equation (3). Without triggering the test monostable circuit, the measured peak-to-peak electrical noise, averaging 10 samples per point, was about 12 mV, and the peak-to-peak amplitude of the 10 ns test pulse is about 0.86 V. From Equation (3) we calculate SNR = 71.75. This value is reduced when the digitizer is used to acquire data from a real experiment, which introduces more noise than the test circuit. Figure 7 shows two signals measured with the developed instrument averaging 6 samples per point. The negative pulse (dash line) corresponds to a voltage pulse which is proportional to the current pulse (36 A peak value) applied to the UV LED used as light source. For this pulse we can observe a 2 ns rise time (fall time), and 5 ns FWHM. The other signal (continuous line) is the optical pulse emitted by the UV LED, which is detected by the PMT trough the spectrometer at 365 nm. Figure 9 shows a second current pulse around 28 ns, which produces a second peak of the optical pulse near 58 ns. This unwanted oscillation in the current signal, which is applied to the LED, could be caused by parasite inductances, LED capacitance and connections resistance of the LED and the drive module PC0-7810. This defect of the pulsed UV light source limits the instrument capacity to measure fluorescence decays. The optical pulse in Figure 9 has a rise time around 8 ns, and assuming an UV light pulse at spectrometer input with 2 ns rise time (same of the current pulse), thus from Equation (2), the characteristic rise time of the complete instrument (monochromator + PMT + Digitizer) is of 7.75 ns. This slowing of the input signal is meanly caused by the monochromator, since tr (PMT) = 2 ns and tr(dig) = 0.46 ns.
For time-resolved fluorescence measurements, a program was developed in the graphical language G of LabVIEW 7.1 to control the instrument and to register and plot the time-resolved fluorescence pulses, as well as the fluorescence spectrum. Several substances were irradiated with UV light pulses at 365 nm. The luminous responses of the substances were collected into monochromator input through a 90° geometry. The control program performs a wavelength sweep in an interval defined by the user. The user also defines the step-sweep value ∆λ. For each value of λ the program initiates the digitizer routine in the DSP to perform a complete temporal sweep from 0 ns to 114.75 ns of the fluorescence pulse emitted by the substance. The peak value of this pulse represents for that λ a single point of the steady-state fluorescence spectrum. Figure 8 shows the time-resolved measurements obtained from white color bond paper for three different λ values. The fluorescence spectrum in Figure 9 was constructed with the maximum values of time-resolved measurements, for each wavelength. Figure 10 and Figure 11 show similar fluorescence measurements obtained from antifreeze. Time-resolved signals in Figures 8 and 10 show the effect of the light source unwanted oscillation around 50 ns. These signals completely decay 40 ns after they start to increase and they show a similar behavior of the excitation optical pulse. Although the UV pulsed light source produces an unwanted oscillation, which limits the instrument capacity to measure fluorescence decays, it was possible to obtain the steady-state spectra of the substances from the intensities of time-resolved pulses. The fluorescence decays were acquired within 20 ms per wavelength with a SYNC pulse repetition rate of 40 KHz, but the time to transfer (via serial port) the data acquired from the DSP memory to the computer increases the acquisition rate near 4s / wavelength.
The time resolution (150 ps) and the analog input bandwidth (759 MHz) of the digitizer developed fulfill, at low cost, the requirements to be applied in nanosecond time-resolved fluorescence spectroscopy. For this application many authors have used commercial instrumentation to sample and to digitize the analog fluorescence signals, based on digital oscilloscopes, streak cameras, or other transient digitizers. Campos and Lytle [15] used a commercial waveform digitizer (Sequence, Model 3100), which has 1 GS/s sampling rate, 350 MHz bandwidth, a 10-bit static vertical resolution, and an effective data acquisition rate of 2.5 waveforms/s (0.4 s/waveform). In their work they report fluorescence decay measurements with 1 ns resolution. All of these performance characteristics, except acquisition rate, are improved with our prototype. Recently, Muretta et al [16] reported a complete fluorescence decay curve recording for every excitation light pulse by means of a very fast but very expensive digitizer (Acqiris DC252 from Agilent Technologies). This modern instrument has 2 channels 10-bit amplitude resolution with programmable range, 2 GHz bandwidth front end, 8 GS/s real-time sampling rate, maximum time resolution of 0.125 ns/point, high recording rate of 500 000 waveforms/s, and high acquisition rate of 0.1 ms/wavelength. The DC252 uses an interleaving of multiple ADCs to increase the effective sample rate by acquiring the same signal with multiple ADCs in parallel and out of phase.
Other authors have developed time-resolved spectrofluorometers to measure simultaneously fluorescence spectra and transient decays. Fang et al [7] digitized and recorded fluorescence decays by means of a digital oscilloscope (TDS5104 Tektronix) with 5 GS/s real-time sampling rate, 1 GHz front-end bandwidth, and 100,000 waveforms/s capture rate. They reported fluorescence decays acquired by the oscilloscope within 0.8 s per wavelength, including averaging of 16 consecutive pulses at laser repetition rate of 30 Hz, digitization of the fluorescence decay pulse, data storage, and preliminary analysis. Pitts and Mycek [17] also used a digital oscilloscope (TDS-680C Tektronix) to capture fluorescence intensity as a function of time with similar characteristics as above. Although both oscilloscopes acquire data and perform some mathematical operations on waveforms at high rates, data have to be sent to a computer or other equipment for final processing and analysis. Thus the acquisition rate to register data on the computer is incremented by the transmission rate of the interface used (RS-232 or GPIB for both oscilloscopes).
Glanzmann et al [18] reported the use of a streak camera (C4792 Hamamatsu) coupled with a spectrograph as time-resolved spectrfluorometer. Florescence lifetimes from the sub ns up to the ms range can be measured. The images of the charge coupled device-chip in the streak camera are read out via a PCI-framegrabber board by a computer enabling data transfer in video rate (30 Hz). Terzic et al. [19] used state-of-the-art equipment from Hamamatsu. It is a complete streak system for fluorescence lifetime spectroscopy. The fluorescence decays are detected by a streakscope (C4334-01) with integrated video streak camera. The streakscope enables a wide range of fluorescence lifetime measurement from ps to ms with high accuracy and temporal resolution better than 15 ps, and with effective acquisition rate up 500 000 waveforms/s.
Real-time methods for measuring such waveforms with subnanosecond time resolution, utilizing streak cameras or transient digitizers can be an order of magnitude more costly than equivalent-time methods using digital oscilloscopes or boxcar integrators. This equipment has been used as a relatively inexpensive solution for determining fluorescence lifetimes in the subnanosecond to nanosecond range. The prototype designed in this work can be an order of magnitude less costly than a digital oscilloscope, providing 150 ps temporal resolution and 750 MHz front-end bandwidth (75 percent of 1 GHz).
Conclusions
In this work we described the development of a high speed measurement system. All major components were selected such that they can be easily interfaced between them and with a computer. The prototype is reliable and useful for time-resolved analog pulses up to 2 ns rise time with a resolution of 150 ps and an error less that 3 percent. The digitizer developed has an analog bandwidth front end of 750 MHz which introduces an amplitude error of 5 percent for an input signal bandwidth of 175 MHz or equivalent rise time of 2 ns. Three test pulses were measured with the digitizer and with a 300 MHz bandwidth oscilloscope for comparison purposes. The measurements reported shows clearly that the digitizer developed resolves well-defined pulses within the expected values, meanwhile the oscilloscope distorts the input pulse and slows the rise time. The limited bandwidth of the oscilloscope cannot reproduce the highest frequency components of the test pulses. The equivalent-time sampling technique is functional and its algorithm can easily incorporate a simple averaging method for noise suppression. A control program was developed in the graphical language G of LabVIEW 7 to start a complete temporal sweep from 0 ns to 114.75 ns.
The developed prototype was applied to timeresolved nanosecond fluorescence pulses. Several substances were irradiated with UV light pulses at 365 nm, and their luminous responses were detected with a homemade spectrometer. For this application the control program was improved to perform a wavelength sweep in an interval defined by the user. For each value of λ, the program commands the digitizer to execute a complete temporal sweep. Although the UV pulsed light source produces an unwanted oscillation, which limits the instrument capacity to measure fluorescence decays, it was possible to obtain the steady-state spectra of the substances from the intensities of the time-resolved pulses. From the measurements we concluded that the time resolution and bandwidth of the digitizer developed complies with the requirements to be applied in nanosecond time-resolved fluorescence spectroscopy.
